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Abstract 9 
The aim of this study is to characterise the glacial and pro-glacial hydrology of a rapidly de-10 
glaciating system at Virkísjökull in SE Iceland, and to determine the water velocities through 11 
the glacier and pro-glacial area. This was achieved using dye tracer tests, river discharge 12 
measurements and studies of conduits within the foreland and lower glacial ablation zone 13 
using Ground Penetrating Radar (GPR). Tracer testing through the glacier via a moulin 14 
demonstrated rapid flow of 0.58 m s-1 which is comparable to the flow velocities within the 15 
pro-glacial river.  A subsequent test at the end of the winter season demonstrated slower but 16 
still rapid flow of 0.02 m s-1. A tracer test through the proglacial foreland shows that the large 17 
proglacial lake does not substantially attenuate flow, with velocities of 0.03 m s-1.  GPR 18 
profiles suggest the presence of a buried conduit system enabling the rapid transit of water 19 
through this area. The pro-glacial foreland contains buried ice which represents the remains 20 
of the retreating glacier; therefore this conduit system may be the remains of an en- and sub-21 
glacial conduit flow-path.  Buried conduits may be common in other de-glaciating ice cored 22 
forelands, and this study reveals that these may by-pass large proglacial lakes, which has 23 
implications for understanding hydrological response times in glacial catchments.  The pro-24 
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glacial river is highly responsive to melt as a result of the fully developed conduits in both the 25 
sub-glacial and pro-glacial areas. Flow in the river is perennial, suggesting that the conduit 26 
systems in the glacier and buried ice remain open and active all year, and that glacial melting 27 
occurs in winter as well as in summer, enhancing the rapid deglaciation.   28 
Introduction 29 
Changes in glacier mass-balance as a result of temperature increases are the cause of 30 
widespread glacial-retreat in Iceland (Jóhannesson et al., 2006; Ađalgiersdóttir et al., 2011; 31 
Haugen & Iversen, 2005; Fenger, 2007; Halldorsdóttír et al., 2006); and throughout the world 32 
including in the Andes (Vergara, 2007), Alaska (Arendt et al., 2002), Greenland (Howat et 33 
al., 2005) and the Alps (Fyffe et al., 2014).  Deglaciation is resulting in the rapid evolution of 34 
englacial conduits (Nienow et al., 1998), increased development of crevasses and moulins 35 
(Catania & Neumann, 2010), and an increased risk of Jökulhlaup flood events (Watanabe et 36 
al., 1994).  The IPCC (2014) reports that increased melting is resulting in changes to 37 
proglacial river systems with consequences for the management of water resources and 38 
hazards (Cisneros et al., 2014).  In some catchments an overall increase in river discharge is 39 
observed due to the increase in meltwater volume (Nolin et al., 2010).  In some rivers there is 40 
a particular increase in winter flows due to increased winter temperatures (Fountain & 41 
Tangborn, 1985), and in some cases there is predicted to be a transition from ephemeral to 42 
perennial river flows (Jóhannesson et al., 2007). Deglaciation causes rapid changes in 43 
proglacial forelands with some glaciers in Iceland retreating at rates of 14 m a-1 during the 44 
period 1990 – 2004 (Bradwell et al., 2013).  Proglacial lakes may be rapidly formed (Bennet 45 
& Evans, 2012; Ageta et al., 2000; Kirkbride, 1993) or may disappear (Bjornsson & Pálsson, 46 
2008).   This study uses tracer tests, river discharge measurements and Ground Penetrating 47 
Radar (GPR) to characterise the glacial and pro-glacial hydrology of a rapidly de-glaciating 48 
system, and to determine the water velocity through the glacier and pro-glacial area.   49 
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The study was conducted at Virkísjökull glacier in southeast Iceland which is an example of a 50 
very rapidly deglaciating maritime glacier.  Sequential field photographs show that there has 51 
been substantial mass loss over the last 20 years (Bradwell et al., 2013).  The glacier margin 52 
has retreated nearly 500m since 1996, and there has been a decrease in the glacier surface 53 
elevation of 8 m a-1 in the lowest reaches since 2012.  The rate of retreat is accelerating, with 54 
an increase from 14 m a-1 of retreat between 1990 and 2004 to 33 m a-1 of retreat between 55 
2005 and 2011 (Bradwell et al., 2013).  Annual net balance (1991 – 2006) calculated using a 56 
robust stratigraphic method is found to range from – 10 m at the terminus to + 5 m above 57 
1800m (Björnsson et al., 1998; Björnsson & Pálsson, 2008). This average mass balance 58 
gradient is the strongest in Iceland, and Virkísjökull is one of the highest turnover glaciers in 59 
Europe.    60 
The proglacial foreland is evolving in response to the rapid deglaciation, and a large pro-61 
glacial melt water lake has formed within the last 10 years. Based on a digital elevation 62 
model and field photographs this ice-cored lake has an area of approximately 1 km2 (Fig. 1) 63 
and is characterised by regions of collapse features and braided melt water channels.  64 
In this study all three components of the system are investigated: the glacier, the proglacial 65 
foreland (including the lake), and the pro-glacial river (Fig. 1).   66 
Methods 67 
Overview 68 
Sub-glacial tracer tests were undertaken from glacial moulins to the outlet at the glacier snout 69 
to investigate meltwater velocities at the start and end of the main meltwater season in this 70 
rapidly deglaciating system.  Ground Penetrating Radar (GPR) was used to investigate the 71 
thickness of the glacier ice and the location of the conduits within it. 72 
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Tracer testing was also undertaken in the proglacial foreland to investigate whether glacial 73 
meltwater sinking into the buried ice near the glacier terminus discharges into the lake via 74 
diffuse or point inputs, and to investigate whether water flow from the subglacial conduit 75 
outlet is attenuated during transit through the large lake area. Ground Penetrating Radar 76 
(GPR) surveys were undertaken prior to this study at Virkísjökull in the proglacial area to 77 
investigate the presence and nature of buried ice below the glacial outwash (Philips et al., 78 
2014). They are used here to determine whether conduits are present within the buried ice.  79 
River discharge was measured in the pro-glacial river over three years, to determine temporal 80 
changes in meltwater discharge, and establish whether melting occurs on a perennial basis.  81 
Tracer dilution gauging was attempted to evaluate the technique as an alternative to current 82 
meter gauging, given the difficulties of current meter use in high flows, and to estimate the 83 
flow velocity over an extended distance within the pro-glacial river.   The tracer tests 84 
therefore enable the comparison of velocities through the glacier, the pro-glacial lake, and in 85 
the pro-glacial river. 86 
Tracer tests 87 
Glacial tracer tests were carried out at the end of the melt season in September 2013 and 88 
August 2014, and at the start of the melt season in May 2014.  The glacier comprises two 89 
arms split by a rocky ridge (Fig. 1).  Tracer tests were carried out in September 2013 and 90 
May 2014 from a moulin on the east arm, 1.5 km from the terminus (Point 1 on Fig. 1).  The 91 
flow into the moulin was substantially lower during the May test (Fig. 2).  Monitoring was 92 
carried out in the stream where it exits at the glacier terminus.   Two tracer tests were carried 93 
out from large moulins on the lower ablation zone of the western arm of the glacier in May 94 
and August 2014 (Point 2 on Fig. 1). These were 0.839 km and 0.668 km from the terminus 95 
respectively. In all four tests a 40% sodium fluorescein dye solution was injected, and 96 
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monitoring was carried out in the river just downstream from where it discharges through the 97 
glacier snout (Point 3 on Fig. 1). 98 
The pro-glacial lake area represents a geologically constrained basin with only one outlet for 99 
meltwater into the pro-glacial river. The lake sits on top of a sediment covered ice core which 100 
is the remains of the former glacier.  Water discharging at the glacier snout flows across the 101 
debris surface for approximately 50 m before it sinks back into this buried ice.  There is no 102 
visible outlet for this water. In order to investigate the hydrological functioning of the pro-103 
glacial lake and foreland, tracer was injected into the river where it emerged at the glacier 104 
terminus, 20 m upstream of where it sank into the proglacial foreland buried ice (Point 8 on 105 
Fig.1). The test was carried out in September 2013 and a 40 % rhodamine WT solution was 106 
injected.  This dye was used because it is not susceptible to photochemical decay if exposed 107 
to light during transit through the lake. The east and west side of the lake outlet channel, and 108 
the downstream river gauging station were monitored for dye tracer return (Points 4, 5 & 6 on 109 
Fig.1). 110 
GGUN-FL in-situ field fluorometers designed at Neuchatel University were used at all 111 
monitoring sites to measure fluorescence and turbidity at 2 minute intervals.  The 112 
fluorometers were calibrated to standard concentrations before field work commenced.  113 
Monitoring was carried out for as long as possible before and after the tests to ensure 114 
background fluctuations in fluorescence were well characterised, and to capture the tail of the 115 
breakthrough curves.  On occasion monitoring periods were shortened because high flows put 116 
equipment at risk.  Monitoring was continued for a minimum of 2 days after the dye injection 117 
where possible. 118 
Fig. 1 shows the location of the injection and detection points for all the tracer tests and 119 
further details are provided in Table 1. 120 
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Tracer recoveries were not calculated at the lake outlet and the glacier terminus because it 121 
was not safe to measure the river discharge. They were not calculated at the downstream 122 
monitoring point in the proglacial river because although discharge data are available, the 123 
dilution gauging showed that there is incomplete tracer mixing within the channel and 124 
therefore it is not possible to estimate an accurate recovery. 125 
Turbidity increases fluorescence, and fluctuates in response to discharge (Wilson et al., 126 
1986).  It is therefore highly variable in glacial environments where discharge varies 127 
considerably due to both diurnal fluctuations in melting, and in response to rainfall (Schnegg, 128 
2002).  Turbidity measurements were collected concurrently with fluorescence data, enabling 129 
identification of fluorescence changes that were likely to be due to turbidity fluctuations 130 
rather than changes in tracer concentration. 131 
Proglacial river discharge measurements 132 
River discharge was monitored 2.92 km downstream of the lake outlet (Point 6 on Fig. 1).   133 
An automatic river gauging station was set up in order to generate continuous river flow data.  134 
Water level (‘stage’) was monitored continuously using submersible level transmitters 135 
attached to the adjacent road bridge.  An Ott Kalesto V surface velocity sensor was also 136 
deployed to provide a cross-check, indicating when changes in channel morphology were 137 
likely to have affected the stage-discharge rating.  Flows were measured with an Ott C-31 138 
current meter by wading and with a 3m rod from the bridge.  The resultant 56 flow gaugings 139 
in 2011-2014 allowed the stage data to be converted to flow at 15-minute intervals for the 140 
period 16/09/11 until 15/11/14.  Because ice affects the stage-discharge relationship, 141 
photographs were taken three times daily, at 9:00, 12:00 and 15:00, to identify ice 142 
development in the channel during winter periods. Periods when ice was present in the 143 
channel or around the banks were removed from the discharge record.  Temperature was 144 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
7 
 
measured at hourly intervals at the gauging station using a temperature probe. Discharge data 145 
from the period of the tracer testing are presented in Fig. 3. 146 
GPR 147 
Ground Penetrating Radar (GPR) surveys were performed at Virkisjökull in April 2012 and 148 
2013 as part of an ongoing study into the structural glaciology (Philips et al., 2013; 2014). 149 
The results of these surveys have been used in this paper as an indication of possible water 150 
flow pathways within the glacier.    A GPR survey was also conducted in the proglacial area 151 
in September 2012. A PulseEKKO Pro system with 50 MHz and 100 MHz antennae was 152 
used. Antennae were aligned perpendicular to travel direction and towed manually across the 153 
surface, with the radar being triggered at 0.25 m and 0.5 m spacing by an odometer wheel. 154 
Where the ice surface was fractured, the antennae were moved stepwise and the radar was 155 
triggered manually. Positional data were stored alongside GPR trace data using a standalone 156 
Novatel SMART-V1 GPS antenna.  Raw GPR data were processed in EKKO View Deluxe 157 
(Sensors and Software, 2003). The processing consisted of applying a dewow filter, 2-D 158 
migration (for clean ice surveys), SEC (Spreading and Exponential Compensation) gain, and 159 
topographic correction. For the clean glacier ice, a radar wave velocity of 0.156 m ns-1, 160 
previously calculated for Virkisjökull (Murray et al., 2000) was used. 161 
 162 
Dilution gauging 163 
Dilution gauging was attempted downstream of the river gauging station as a means of 164 
evaluating the method as an alternative to bridge gauging with a current meter, and to 165 
measure the water velocity over an extended reach in the proglacial river.  Rhodamine WT 166 
dye was injected directly into the centre of the pro-glacial river channel downstream of the 167 
lake outlet (Point 7 in Fig.1). Monitoring was carried out 2.92 km downstream of the 168 
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injection point on the east and west side of the river to check for tracer mixing (Fig. 1). River 169 
discharge is calculated using the method outlined by Leibundgut (1998): 170 
 
𝑄 =  
𝑀
∫ 𝐶𝑡 
∞
0
×  ∆𝑡
 
 
(1) 
Where Q is the discharge in flowing water; M is the mass of injected tracer; 𝐶𝑡  is the tracer 171 
concentration at time t (the integral is the area under the breakthrough curve); and ∆𝑡 is the 172 
length of the constant time interval. 173 
The velocity in the pro-glacial river over the 2.9 km section was calculated based on the 174 
measured time to first arrival of tracer and time to peak tracer concentrations. 175 
Results 176 
Sub-glacial tracer tests 177 
Tracer breakthrough at the glacier snout was very rapid in September 2013, occurring 50 178 
minutes after dye injection into the moulin on the eastern arm of the glacier (Fig. 4a). Peak 179 
concentrations were about 58 minutes after injection.  Monitoring stopped 11 hours and 43 180 
minutes after injection when the water level dropped below the level of the fluorometer 181 
because the water was diverted naturally into a different channel.  Tracer concentrations 182 
decline to below background levels 8 hours and 33 minutes after the dye injection. However 183 
turbidity was lower and decreasing at this time suggesting that background fluorescence was 184 
lower than at the start of the test, and therefore it is difficult to determine exactly when tracer 185 
ceased to be discharged.  At the end of a full melt season the melt-water transmission to the 186 
glacier margin (based on the time to peak of the tracer test) was rapid at 0.58 m s-1. 187 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
9 
 
In May 2014, at the beginning of the ablation season, the tracer breakthrough along this 188 
flowpath was less rapid, occurring 5 hours and 18 minutes after the tracer injection (Fig. 4a). 189 
Peak tracer concentrations were also later (5 hours and 36 minutes after injection).   Tracer 190 
concentrations had not returned to background when monitoring stopped 744 minutes after 191 
injection due to high flows which put the fluorometer at risk.  At the beginning of the melt 192 
season the melt-water transmission to the glacier margin (based on the time to peak of the 193 
tracer test) was 0.07 m s-1.  194 
The tracer test from a moulin on the western arm of the glacier in May 2014 resulted in no 195 
observable break-through curve at the glacier snout (Fig.4b). The changes in florescence have 196 
a similar pattern to the changes in turbidity, and apparent increases in tracer concentration 197 
around 491 minutes after injection coincided with turbidity increases suggesting that they are 198 
natural background fluctuations rather than tracer being discharged. Monitoring stopped 717 199 
minutes after injection because of movement of the outlet channel putting equipment at risk. 200 
Whilst it is possible that the tracer breakthrough could have occurred after monitoring 201 
stopped, this is unlikely given that the monitoring continues for substantially longer that the 202 
time taken for tracer breakthrough from the moulin on the eastern arm which was carried out 203 
during the same period under similar discharge conditions suggesting that there should have 204 
been enough flow in the injection moulin to flush the tracer through the system. In addition, 205 
the moulin on the western arm is much closer to the glacier snout monitoring point than the 206 
moulin on the eastern arm. It is therefore quite likely that sufficient tracer was injected and 207 
that tracer breakthrough at the glacier snout would have occurred within the monitoring 208 
period if there was a connection. 209 
In August 2014 a tracer test was carried out from another moulin on the western arm of the 210 
glacier but there was also no observable break-through curve (Fig. 4c), despite two days of 211 
monitoring following injection and higher flow rates during the test (Fig. 3). This suggests 212 
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that drainage from the western arm of the glacier may not be connected to the outlet at the 213 
glacier snout.  214 
Pro-glacial tracer test 215 
A breakthrough curve was obtained at the lake outlet west bank monitoring site (Fig. 5). 216 
Tracer breakthrough was at 19:00 on 17/09/13, 7.5 hours after injection (Fig. 5a).  Peak 217 
concentration occurred at 20:30, 9 hours after injection.    218 
Two smaller peaks 630 and 1475 minutes after injection are within measured background 219 
levels and coincide with increasing turbidity suggesting that they are variations in 220 
background fluorescence rather than tracer discharge.  There was no tracer breakthrough at 221 
the lake outlet east monitoring point (Fig. 5b).   222 
Tracer was detected at the bridge monitoring site in the river (approximately 1.5 km 223 
downstream of the lake outlet monitoring point). Although there is only a very small rise in 224 
dye concentration the turbidity is declining at this point suggesting that it is tracer being 225 
discharged (Fig. 5c). Tracer arrival is around 20:00 giving a travel time of 1 hour from the 226 
lake outlet to the road bridge within the main river channel which is similar to the travel time 227 
observed in the river tracer test (see below). Peak concentrations occurred at 04:30 on 228 
18/09/13.  Tracer concentrations remained above background for the longest time at this 229 
detection point reflecting dispersion along the river channel.  They did not decrease to below 230 
background levels until 19.09.2013 at 13:00, 72 hours after the injection. Table 1 summarises 231 
the main findings for direct comparison between the three systems. 232 
River discharge 233 
Measured river discharge fluctuations at Virkisá are typical of sub-arctic meltwater rivers 234 
which are dominated by seasonal and diurnal temperature fluctuations (Shaw et al., 2011). 235 
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There is a strong seasonal variation in flow which increases between May and September and 236 
decreases between September and November (Fig. 3). Data for the winter are limited due to 237 
icing, but the photographs and direct measurements in all seasons indicate that the river flows 238 
throughout the year, even when ice is present.  This suggests that ice melt continues in the 239 
winter period and conditions are not cold enough to cause conduits to freeze and close. This 240 
is despite daytime temperatures in winter falling below 0 °C for up to 5 consecutive days.   241 
Over the 3 year monitoring period the mean flow was 5.6 m3 s-1, and the maximum flow was 242 
39 m3 s-1 on the 6th of December 2013. 243 
The times of the tracer tests are presented on Fig. 3 to show the hydrological conditions 244 
during the tests. Three tests were carried out in September 2013, towards the end of the 245 
meltwater season.  The east arm glacier tracer test was conducted during moderately high 246 
flows (5.5 m3 s-1). The flow was decreasing during the proglacial foreland tracer test, and was 247 
lower (4 -3 m3 s-1).  The proglacial river tracer test was conducted when the flow was about 3 248 
m3 s-1.  The second east arm glacier tracer test was carried out at the start of the following 249 
meltwater season in May 2014 when flow was 2 m3 s-1. 250 
GPR  251 
 252 
Sub-horizontal to gently up-ice dipping reflective surfaces within the glacier are apparent in 253 
profiles for the lower parts of the glacier (Fig 6A)). These reflectors are, in places, very high 254 
amplitude.   In several areas their polarity is reversed, indicating a higher dielectric 255 
permittivity and lower wave velocity in the material below interface, suggesting the presence 256 
of water, or wet sediment. These sub-horizontal reflectors are longitudinally continuous for 257 
distances in excess of 100 m; they have been interpreted as thrust planes (Phillips et al. 2013), 258 
where the fractured ice potentially provides a zone for water flow and conduit development. 259 
Field observations (Fig 6B) confirmed the presence of wet, graded (waterlain) sediment, and 260 
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conduits in one of these thrust planes.   A prominent down-ice dipping reflector extends from 261 
the glacier surface, where it occurs in association with three moulins, down to the glacier bed 262 
approximately 50 m below the surface (Fig 6C).  The reflector joins a zone of lateral fractures 263 
at the ice surface, and is interpreted as part of a down-ice dipping fault system where part of 264 
the glacier is collapsing (Phillips et al 2013).  The focusing of moulins at the fault zone 265 
indicates that the system acts at an effective water flow conduit.  Collectively, the results 266 
from the glacier suggest that there is a pattern of conduit formation in the lower glacier which 267 
is associated with ice structures (thrusts, faults), ice-surface topography and the position of 268 
moulins which occur predominately on the eastern side of the glacier where there may be a 269 
high meltwater input to the fault and thrust plane network (Fig. 6D). 270 
 271 
GPR profiles in the proglacial area (shown in Fig. 7A) are characterised by an upper unit of 272 
horizontal and gently undulating reflectors overlying a generally less reflective unit (Fig 7B).  273 
Field observations confirm that the upper unit is stratified outwash sand and gravels which 274 
are 1-2 m in thickness, and that the lower less reflective unit is buried ice (Figs 7B,C).  The 275 
top of the buried ice is characterised by a number of hyperbolae, which may represent water-276 
filled conduits or cavities close to the ice surface.  The base of the ice is marked by a 277 
transition back to higher amplitude reflectors (Fig 7B).  Clear, reversed polarity hyperbolae 278 
occur in several places in the ice (for example, Fig. 7D).  These are interpreted as water-filled 279 
conduits and, in places, are associated with a thickened zone of chaotic reflectors in the sands 280 
and gravel above, representing collapsing ground (Fig. 7D).   A marked zone of muted or 281 
absent reflections was observed in a number of profiles where they crossed a distinct linear 282 
zone that had been particularly affected by collapse holes.  The exact reason for poor 283 
reflection in this zone is not known, but it may be related to a turbulent subterranean river 284 
that was observed sinking underground in this zone at the time of survey (Fig 7A).   Field 285 
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observations indicate that kettle holes and collapse features in the pro-glacial zone intercept a 286 
freely draining system as melt water from the terminus is regularly redirected into one of 287 
these features. Collectively the radar data and observations from the proglacial area demonstrate the 288 
presence of an extensive mass of ice buried, with numerous conduits and voids, beneath the outwash 289 
sands and gravels.   290 
  291 
River channel dilution gauging 292 
Although the dilution gauging was carried out over a distance of 2.9 km the tracer was not 293 
fully mixed across the channel at the monitoring point, illustrating the difficulty of achieving 294 
dye mixing in complex braided mountain river channels and within acceptable distances.  The 295 
peak concentration and tracer recovery were higher on the east bank monitoring point than on 296 
the west bank, and tracer arrival was faster on the east side (Fig. 8a).  Data from the west side 297 
give an overestimate of the flow obtained from the gauging station, whereas the data from the 298 
east side underestimate flow.  Because full mixing was not achieved it is not possible to 299 
obtain an accurate flow estimate from the dilution.  However, the flow estimates from the 300 
dilution gauging are broadly similar to the continuous flow estimates during the test (Fig. 8b).  301 
The river channel dilution gauging demonstrates rapid velocities along the river.  Velocity 302 
based on time to first arrival of tracer is 0.6 m s-1, whilst the velocity based on the time to 303 
peak is 0.4 m s-1.   304 
 305 
Discussion: Melt water velocities 306 
 307 
 Meltwater velocities through the glacier from the eastern arm are extremely rapid at the end 308 
of the main melt season (0.58 m s-1).   This is almost identical to the velocity of 0.6 m s-1 309 
observed in the proglacial river channel, suggesting that meltwater transfer is as efficient 310 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
14 
 
within the glacial conduit system as it is within the braided proglacial river channel.  It is also 311 
substantially higher than the velocities observed during tracer tests in karst conduits and 312 
caves. Worthington et al (2009) compiled velocities from 3015 karst tracer test which had a 313 
median velocity of 0.02 m s-1. The Haut Glacier D’ Arolla in Switzerland was found to have 314 
velocities in glacier conduits at between 0.37 – 0.72 m s-1, so although the glacier water flow 315 
is rapid, it is within observed velocities for other glacial tests (Table 2).   316 
A repeat test undertaken at the start of the following ablation season demonstrates a lower 317 
velocity of 0.07 m s-1. Flow in the pro-glacial river is substantially lower during this tracer 318 
test (~2 m3 s-1 compared to 5.4 m3 s-1). Flow in the injection moulin is also substantially 319 
lower (Fig. 2).  320 
Changes in flow velocity and dispersivity have been interpreted as a change from a 321 
distributed system to a channelized one (Seaberg et al., 1988; Willis et al., 1990; Fountain, 322 
1993; Nienow et al., 1998; Hock & Hooke, 1993). However this assumption has not been 323 
validated in glaciers where the drainage system configuration is independently known 324 
(Gulley et al., 2012a).  Velocities lower than 0.4 m s-1 have been interpreted as flow in a 325 
distributed system in previous studies (Nienow et al., 1998; Mair et al., 2002; Hubbard & 326 
Glasser, 2005).  These velocities are an order of magnitude higher than the median velocity 327 
of 0.02 m s-1 for karst aquifers reported by Worthington et al (2009) and it is therefore likely 328 
that the even these lower velocities observed in subglacial tracer tests are indicative of well-329 
developed ice conduit systems.  It is well known from karst systems that velocities along the 330 
same flow-path can vary greatly in response to discharge, with faster velocities under higher 331 
flow conditions (e.g. Stanton & Smart, 1981; Göppert & Goldscheider, 2007).  Whilst this 332 
can be due to activation of a slightly different karst conduit flow-path under different flow 333 
conditions, it can also be due to changes in dispersivity and pooling along the same flow-334 
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path.   By analogy, it is therefore difficult to draw conclusions about morphological changes 335 
in glacial conduit systems using tracer tests.   336 
At Virkísjökull, repeat visits suggest that the conduit persists throughout the winter and its 337 
morphology appeared not to vary between repeat field visits from 2012 – 2014 when moulins 338 
and the outlet were observed to remain in the same location. According to the GPR survey 339 
the ice at the terminus overlying the conduit is not thick (<50m), which results in negligible 340 
creep closure rates. Nienow et al (1996) showed that velocities in glacial conduits were lower 341 
during tests in which the flow in the injection moulin was lower, whilst velocities did not 342 
seem to relate to changes in flow in the outlet channel.   343 
 It seems likely that in this study, reduced input flow (melt) into the injection moulin is the 344 
main reason for the lower velocities (0.07 m s-1) observed at the start of the melt season, 345 
rather than a dispersed drainage system. Tracer may move less rapidly in the channel at low 346 
flows as it is slowed down in pools and around boulders due to the increased tortuosity 347 
(Hauns et al., 2001; Benn & Evans, 2014). At high flow boulders are completely submerged 348 
thereby reducing the amount of back-eddy current and temporary storage (Gulley et al., 349 
2012a).  350 
Meltwater velocities in glacial systems vary greatly because of discharge variations, and have 351 
been shown to do so in response to diurnal changes (Schuler & Fischer, 2009). The two 352 
glacier tracer tests that produced breakthrough curves were carried out under very different 353 
conditions: the end of the main melt season when flow in the glacial outlet channel was above 354 
average (Fig. 3.), and flow in the injection moulin was high (Fig. 2); and the start of the melt 355 
season when flows were substantially lower. In the study by Schuler et al. (2004) diurnal 356 
variations in velocities were from 0.34 to 0.75 m s-1 in tests during August 2000, and from 357 
0.15 – 0.58 m s-1 in tests during September. These variations are relatively small compared to 358 
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the order of magnitude variation observed in this study. The second tracer test was conducted 359 
when flow in the injection moulin was very low and it is unlikely that a tracer test could be 360 
carried out under much lower velocities. Therefore the velocity of 0.07 m s-1 is likely to be 361 
fairly close to the minimum velocity in this system, although velocities may be lower from 362 
other moulins. It is likely that at times flow into the injection moulin is higher than it was 363 
during the high flow test in September, and it is therefore possible that velocities may be 364 
higher at times. Slightly higher velocities have been observed in other glacial tracer tests 365 
(Table 2). However the results from these subglacial tracer tests are broadly comparable to 366 
these other published studies.  367 
The velocity in the buried ice channel through the foreland area is 0.03 m s-1 which is similar 368 
to the velocity in the subglacial conduit system in May. This suggests a well-developed 369 
conduit system which discharges through a discrete point into the lake and then continues as 370 
channelized flow without any substantial ponding or dispersion before reaching the lake 371 
outlet channel. In this deglaciating system meltwater is efficiently drained through the entire 372 
system – the glacier, the proglacial area and the river.  373 
 374 
The glacial drainage system  375 
 376 
The results of this study allow conclusions to be drawn about the connection between the 377 
location of moulins and the main drainage system as a result of the glacier structure.  GPR 378 
suggests that the lower part of the glacier is characterised by a well-developed, structurally 379 
influenced, interconnected drainage system. In 2012 this system extended to a depth of 30 m 380 
below the surface at the clean ice margin; this ice is now slowly being covered by outwash as 381 
it becomes part of the proglacial area. These results indicate that the conduit system is 382 
connected to a structural system within the glacier that can be easily accessed by large 383 
moulins. Indeed moulins on Virkísjökull are observed in association with down ice dipping 384 
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faults on the eastern arm of the glacier (Philips et al., 2013; 2014). These features are 385 
concentrated along a north-south line on the eastern side of the glacier and the tracer testing 386 
data suggest that these feed directly into a north-south flowing main conduit drain beneath the 387 
glacier.  Gulley et al (2012b) suggest that moulin locations, determined by the location of 388 
supraglacial streams and crevasses, control the location of subglacial recharge. It is not 389 
possible to estimate the number of conduits in this small survey area, but GPR shows that the 390 
drainage is tied to the glacier structural collapse features which suggests that melt water flow 391 
is likely to be very efficient and interconnected. How far this system propagates up-glacier is 392 
unknown, but large moulins are present higher up the glacier, suggesting that the main drain 393 
is likely to extend to the altitude of the ice fall at 400 m asl. 394 
Tracer injected into moulins on the western side of the glacier was not detected in the glacier 395 
terminus outlet channel. The amount of water observed in this terminus outlet stream appears 396 
to be substantially less than the amount of water in the outlet channel from the lake, although 397 
it was not safe to measure the discharges in these channels. This suggests that the drainage 398 
from the western arm of the glacier may be connected directly to the buried ice in the 399 
proglacial area through active conduits within the dead ice, which resurface at discrete points 400 
in the lake area. Therefore in addition to the efficient conduit draining the eastern arm, there 401 
may be an additional major conduit system draining the western side which has not yet been 402 
located. 403 
 404 
The proglacial foreland drainage system  405 
 406 
 407 
The pro-glacial foreland at Virkísjökull is a formerly glaciated, ice cored region that currently 408 
comprises a series of down-wasting glacial features, braided melt water channels and an 409 
extensive lake area. This region has very recently been exposed, with the lake area only 410 
forming within the last 10 years. It is therefore a rapidly evolving and dynamic region. 411 
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Despite this, the pro-glacial buried ice appears to have retained its main melt water conduit 412 
enabling rapid transport of glacial melt water through the pro-glacial area.  413 
The GPR data from the proglacial area demonstrate the presence of an extensive mass of ice 414 
buried beneath 1-2 m of outwash sands and gravels. Cavities and conduits are evident within 415 
the buried ice, and a more significant drainage route is also present indicated on the surface 416 
by the presence of collapse features. 417 
 418 
The tracer test demonstrates that drainage is via a channelized system.  Water emerging from 419 
the Virkísjökull glacier snout rapidly sinks into the buried ice in the foreland via a large kettle 420 
hole and flows through a conduit system in the buried ice to re-emerge within the large 421 
proglacial lake.  The tracer test indicates a point input into the lake rather than a diffuse input.  422 
The rapid velocities indicate that once meltwater has emerged from the conduit system into 423 
the lake, the flow remains channelized, and dispersion into more stagnant areas of the lake is 424 
fairly minimal.  The main melt-water flow exits the foreland through the western side of the 425 
lake outlet channel suggesting that the sub-glacial conduit also discharges on the west side of 426 
the lake.  A flowing “channel” is visible moving through the west side of the lake, which is 427 
presumably fed by the main drainage conduit.  However, the conduit outflow is not apparent, 428 
and may originate in an inaccessible area of the lake. 429 
The GPR profiles of the proglacial area demonstrate that this region is associated with 430 
collapse features and void spaces as well as conduits. The lake extends over a large area, and 431 
many parts of it have no apparent flow but provide substantial off-line storage of water from 432 
the glacial catchment.  The flow of the Virkisá (the pro-glacial river) is therefore 433 
predominantly influenced by the channelization of flow within the proglacial lake area. 434 
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The east side of the lake outlet channel has a strong flow and yet dye was not detected here 435 
during the proglacial test.  This could be because the water on the eastern side of the lake 436 
originates from another conduit system discharging from the western side of the glacier, as 437 
discussed above.  438 
 The GPR and dye tracing results from the pro-glacial lake suggest that there is an efficient 439 
conduit within buried ice in the proglacial area. This conduit may be the remains of the 440 
original sub-glacial conduit that has been buried in the foreland after terminus retreat. 441 
Rapidly retreating glaciers can produce a transitional environment (Fig. 9).  This transitional 442 
environment may form due to the slowing of glacier ice movement during deglaciation. 443 
Glacier stagnation can be linked to the drainage system (Gulley et al., 2012a). Conduits with 444 
an efficient hydraulic capacity can drain surface meltwater more efficiently and thereby 445 
decrease subglacial water pressures and glacier sliding (Mair et al., 2002; Anderson et al., 446 
2004). This results in the collapse of the distributed conduit system (which have a low 447 
hydraulic capacity) and leads to the collapse of flow into an integrated network of conduits 448 
(Kamb, 1987). Ice can then be buried by the accumulation of debris transported from higher 449 
reaches where ice is still flowing as a result of the steep gradient of the ice fall (Fig. 9(1)). 450 
The remains of active channels that exploit planes of weakness in the ice begin to collapse 451 
back due to being closer to the surface and covered by only a thin layer of ice and sediment. 452 
This exposes the water moving through the area (Fig. 9(2)) and a lake begins to form where 453 
ponding of water and the formation of surface pools occur (Fig. 9(3)). The current proglacial 454 
region has a surface river that originates sub-glacially and sinks back below buried ice into a 455 
conduit that was formerly connected to the active glacier system. This conduit connects to the 456 
lake that formed as a result of the collapse and decay of the ice on the far side of the 457 
proglacial area (Fig. 9 (4)). This conceptual model is based on the connection proven by 458 
tracer testing and GPR in the proglacial area, and illustrates the principle, but may be a 459 
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simplification of a more complex network of conduit pathways which formed in a similar 460 
manner within the ice cored foreland.  461 
Buried ice is observed in other places in Iceland through geo-electrical resistivity surveys 462 
carried out at recently deglaciated sites (Everest & Bradwell, 2003), and  has also long been 463 
observed in other parts of the world (French & Harry, 1990 ; Evans & England, 1992).  At 464 
Skeiđarárjökull, Kötlujökull and Hrútarjökull in Iceland, areas of buried ice are thought to 465 
have persisted in a stable condition for 50 - 200 years as photographic and lichenometric 466 
evidence suggest that the overlying debris has remained relatively stable indicating very slow 467 
melting (Everest & Bradwell, 2003; Kjaer & Krüger, 2001).  Yet until now the movement of 468 
water though these areas has not been considered and how this influences the connectivity of 469 
the catchment discharge processes.  Buried ice is characterised by many surface collapse 470 
features. GPR in this study has indicated voids and conduits within the buried ice at shallow 471 
depths. These present a significant hazard to persons and infrastructure in rapidly 472 
deglaciating catchments particularly following high flows that can undermine the structural 473 
integrity of buried ice conduits.  474 
Conclusion 475 
Tracer testing in the glacial and pro-glacial areas of a rapidly deglaciating system 476 
demonstrate very rapid transit of melt water at the end of the melt season with velocities of 477 
0.58 m s-1 and 0.03 m s-1 respectively. This shows that at Virkísjökull the pro-glacial river is 478 
highly responsive to melt as a result of well-developed conduits in both the sub-glacial and 479 
pro-glacial areas. Melt water velocities through the glacier are similar to those in the river 480 
which demonstrates that the conduit system is a highly efficient means of transporting water. 481 
Rapidly de-glaciating catchments such as Virkísjökull create a pro-glacial setting which is 482 
transitional between the glacial and longer established pro-glacial areas resulting in an 483 
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extensive system of buried ice containing the relic conduits of the former ablation zone 484 
through which melt water can be transferred rapidly to the pro-glacial river.  These findings 485 
have improved our understanding of the formation and role of lakes in the hydrology of de-486 
glaciating landscapes, as well as highlighting the potential hazards in proglacial areas where 487 
buried ice may contain shallow and unstable conduits. 488 
Buried ice in proglacial forelands is likely to become more common as a result of 489 
deglaciation, and understanding the hydrology of these areas is important to enable 490 
appropriate catchment modelling and hazard mitigation. This study shows that ice-stagnation 491 
terrain does not appear to impede the hydrological connectivity between the glacier and 492 
foreland during deglaciation in a humid temperature environment. 493 
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 721 
 722 
 723 
 724 
Table 1: Summary of all tracer tests performed at Virkísjökull and their main findings. 725 
Velocity is calculated using the distance and time to peak.  726 
Location Injection 
time & 
date 
Dye 
 
Dye 
(g) 
Distance 
(km) 
Time to 
peak  
(min) 
Velocity 
(m/s) 
Post-injection 
monitoring  
(hr) 
East 12:04, 
12.09.13 
Fluorescence 
 
500 1.5 43 0.58 11.5 
East 14:16, 
03.05.14 
 Fluorescence 
 
500 1.5 318 0.07 12.5 
West 
 
16:02, 
04.05.14 
Rhodamine 
WT 
400 0.668 NA NA 12 
West 
 
11:18, 
04.08.14 
Fluorescence 580 0.839 NA NA 48 
Foreland 16:48, 
17.09.13 
 
Rhodamine 
WT 
2199 1 450 0.03 72 
River 11:45, 
15.09.13 
Rhodamine  
WT 
128 2.92 90 - 
115 
0.6 4 
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 738 
Table 2: Summary of the findings from selected dye tracer studies through glacier conduits. 739 
 740 
Velocity 
(m s-1) 
Time to 
peak (mins) 
Distance 
(km) 
Number of  
successful tests 
Glacier Region Publication 
0.2 - 1.5 No number No number 57 Pasterzengletscher Austria Burkimsher 
(1983) 
0.008 - 0.228 No number No number 15 Midtalsbreen S. Norway Willis et al 
(1990) 
0.085 – 0.157 75 - 255 various 16 Brewster glacier New 
Zealand 
Willis et al 
(2009) 
0.047 - 0.32 35-485 0.485-3.335 No number South Cascade USA Fountain 
(1993) 
0.07 - 0.72 20.35 – 39.60 3.3 415 Haut Glacier 
D'Arolla 
Switzerland Neinow et al 
(1998) 
0.04-1.49 No number 1.5-14 43 Leverett Glacier Greenland Cowton et al 
(2013) 
0.6 – 1.7 23.7 - 189 2.1-4.3 12 Gangori glacier Himalaya Pottakkal et 
al (2014) 
0.07 – 0.88 45 -240 0.6 9 Rieperbreen Svalbard Gulley et al 
(2012a) 
0.07 - 0.58 43-318 1.5 2 Virkísjökull 
 
SE Iceland (this study) 
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 745 
 746 
Figure 1:  The lower part of the Virkísjökull catchment including the lower ablation zone and 747 
the pro-glacial lake area and outlet river. Points labelled on the map are (1) East arm injection 748 
moulin (2) west arm injection moulin May 2014 & August 2014 (3) Glacier snout outflow 749 
monitoring point (4) lake outlet west monitoring point (5) lake outlet east monitoring point 750 
(6) Proglacial river monitoring point (for proglacial foreland tracer test) point (7) Dilution 751 
gauging river injection point (8) proglacial foreland river sink injection (9) West bank 752 
dilution gauging monitoring point (10) East bank dilution gauging monitoring point. 753 
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Figure 2 The eastern arm glacier injection moulin in September 2013 (A) and April 2014 (B). 759 
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 765 
 766 
Figure 3: (a) River discharge record from August 2013 to August 2014 showing areas in grey 767 
when tracer tests were carried out and values for manual river gaugings. Gaps in the record 768 
are dates removed due to channel ice. (b) Detail of the river discharge measurements during 769 
the tracer tests. 770 
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 773 
Figure 4: A. Tracer breakthrough curves during the glacier tracer tests on the eastern glacier 774 
arm in September 2013 and May 2014. B. results from the test undertaken from the moulin 775 
on the western glacier arm in May 2014 showing no breakthrough (fluctuations in florescence 776 
are a result of turbidity, shown in grey). C. results from the test undertaken from the moulin 777 
on the western glacier arm in August 2014 showing no breakthrough (fluctuations in 778 
florescence are the result of turbidity, shown in grey). 779 
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 781 
 782 
Figure 5: Rhodamine WT breakthrough curves during the proglacial tracer test. (a) at the 783 
Lake Outlet channel west (b) at the Lake Outlet channel east (c) at the downstream river 784 
gauging station. Background fluorescence is the signal naturally detected as a result of 785 
particles in the water 786 
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 791 
 792 
 793 
Figure 6. A. Continuous sub-horizontal reflector interpreted as thrust plane. B. Field 794 
photograph at debris covered ice margin showing a conduit developed within a sediment 795 
filled thrust plane. C. Enlarged composite image showing up-ice and down-ice dipping 796 
reflectors in the lower glacier, interpreted as thrust and fault planes. D. Composite of glacier 797 
GPR surveys showing a zone in the lower glacier with clear reflectors representing a well-798 
developed englacial structural network 799 
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 801 
Figure 7.GPR profiles in the pro-glacial area. A. Photograph showing the location of GPR 802 
profiles B-B’ and D-D’, and observation point C. B. Un-migrated GPR profile across the 803 
proglacial area. The marked zone of reduced reflections coincides with the linear track of 804 
collapse features in the photograph in A.  C.  Field photograph showing ~2 m of stratified 805 
sand and gravel overlying buried ice. D. Un-migrated GPR profile showing a collapse 806 
structure and fill material (C.F) overlying a strong hyperbola interpreted as a water-filled 807 
conduit. 808 
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 811 
Figure 8: Proglacial river tracer test results (A) Tracer breakthrough curves (B) Comparison 812 
of flow measured at the gauging station with flow estimates from dilution gauging.  813 
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 814 
Figure 9: Diagrams showing conceptually how rapidly retreating glaciers produce a 815 
transitional environment and how they evolve and change.  In the first stage of deglaciation 816 
the slowing of the glacier ice results in unmoving (stagnant) ice at the terminus of the glacier 817 
that is subsequently buried by the accumulation of debris transported by the active glacier 818 
margin. Meltwater is input into this system from moulins and conduits remain active in the 819 
stagnant ice (1).  The remains of these active conduits within the buried ice will then begin to 820 
collapse to expose water moving through the proglacial buried-ice area (2). This process 821 
allows the formation of a pro-glacial lake that sits upon ice as the active glacier margin 822 
continues to retreat (3). The unmoving buried ice is insulated from rapid melting by the 823 
accumulation of debris. In the final stage (currently observed at Virkísjökull) the collapse of 824 
the active ice margin has exposed an en-glacial conduit. The meltwater, rather than flowing 825 
across the surface, exploits a collapse feature within the foreland to sink back into the conduit 826 
system within the buried ice to resurface within the newly formed pro-glacial lake system (4). 827 
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